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Phospholipase Dó is Involved in Wounding-Induced 
Phosphatidic Acid Formation in Arabidopsis * 


Li Ai-hua'^, Ling Li-zhen', Li Wei-qi' " 
( 1 Germplasm Bank of Wild Species in Southwest China, Kunming Institute of Botany, Chinese Academy of Sciences , 
Kunming 650201, China; 2 University of Chinese Academy of Sciences, Beijing 100049, China) 


Abstract: Phosphalipase D (PLD) hydrolyzes phospholipids into phosphatidic acid (PA). PLDal and 6 are the 
two most abundant members of the 12-member PLD family in Arabidopsis. PLDal has been demonstrated having role 
in the wounding-induced PA signalling. However, whether and how PLD6 is involved in wounding-induced PA for- 
mation remained unclear. In the present study, the membrane lipids response to wounding was profiled in Wassil- 
ewskija (WS) and PLD6 knockout mutant ( PLD6-KO) of Arabidopsis. The levels of most lipids, including mo- 
nogalactosyldiacylglycerol, digalactosyldiacylglycerol, phosphatidylcholine and phosphatidylglycerol had decreased 
rapidly within 30 min after wounding in the two Arabidopsis genotypes. In contrast, the level of PA increased sharply 
and significantly 30 min after wounding. It continued to increase until peaking at 1 h post-wounding in WS and 3 h 
post-wounding in PLD8-KO, and then decreased. The PA levels were similar in the two genotypes in untreated leav- 
es and in leaves 6 h after wounding. However, these levels were lower in PLD8-KO than in WS from 30 min to 3 h 
post-wounding. The significant difference of PA level between the two genotypes occurred 30 min after wounding, 
when it was about 20% lower in PLD8-KO than in WS. These results show that PLD6 is involved in wounding-in- 


duced PA formation in Arabidopsis, but its absence induces PA response later and with less intensity than PLDal. 
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Abbreviations: PLD, phospholipase D; DGDG, digalactosyldiacylglycerol; ESI, electrospray ionisation; MS/MS, 


tandem mass spectrometry; MGDG, monogalactosyldiacylglycerol; PA, phosphatidic acid; PC, phosphatidylcho- 


line; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; PI, phosphatidylinositol; PS, phosphatidylserine ; 


ACL, acyl chain length; DBI, double-bond index 


Herbivores constitute a threat to plants by indu- 
cing wounding and rapidly destroying plant tissues. 
Plants can also suffer damage from environmental 
stresses, such as wind, sand, hail and rain, which 
also produce mechanical wounding; this induces 
similar responses to those to wounding by herbivores 
( Buchanan et al., 2004). In response to wounding, 
plants adopt both direct and indirect defensive strate- 
gies ( Wasternack et al., 2006). Wounding causes 
rapid activation of phospholipase D ( PLD ) -mediated 
hydrolysis as a result of a rapid accumulation of cho- 
line and phosphatidic acid (PA) (Ryu and Wang, 
1996) ; the latter is used for the synthesis of jasmon- 
ic acid, a main responder to wounding ( Wang et 
al., 2000). The secondary messenger PA serves a 
wide range of signalling roles in plant responses to 
environmental stresses ( Wang, 2004). PA induc- 
tion by wounding has been observed in several plant 
species, including castor bean ( Ryu and Wang, 
1996) , tomato, soybean, sunflower, broad bean, 
pepper (Lee et al., 1997) , tobacco (Dhondt et al. , 
2000) , and Arabidopsis thaliana (Ling et al., 2007). 

Multiple PLDs have been described in various 
plant species ( Hanahan and Chaikoff, 1947; Qin et 
al., 1997; Wang, 2000; Wang et al., 1994; Xu et 
al., 1997). The 12 PLD genes from Arabidopsis 
have been grouped into six classes—PLDa (3), B 
(2), y (3), 8, & and & (2) —based on their se- 
quence 
(Zhang et al., 2005). PLDa, PLDB and PLDy 


have been characterised in response to wounding in 


similarities and biochemical properties 


Arabidopsis ( Pappan et al., 1998; Pappan et al., 
1997a, b; Qin et al., 1997; Wang, 1999). PLDal 
and PLD6 are the two most abundant members of the 
Arabidopsis PLD family. Wang et al. (2000) repor- 


ted that the level of PA increased within 5 min after 


wounding, and the maximum difference in the level 
of PA between PLDal-deficient and wild type leaves 
occurred 15 min after wounding, when that in the 
WT was 2. 5-fold higher than that in the PLDa1-de- 
ficient strain ( Wang et al., 2000). PLDG is in- 
volved in dehydration- and freezing- induced PA for- 
mation in Arabidopsis ( Katagiri et al., 2001; Li et 
al., 2008). PLDal can compensate for the loss of 
PLDò in PLD6-KO mutant, and these two PLD iso- 
forms together were shown to account for almost all 
the discernible activity seen in response to water def- 
icit (Bargmann et al., 2009). However, whether 
and if so, how PLD6 is involved in wounding-in- 
duced PA production remained unknown. 

With the aim of determining the role of PLD in 
lipid metabolism in response to wounding, lipidomic 
profiling was carried out for Arabidopsis leaves in the 
Wassilewskija (WS) and PLD6 knockout ( PLD6- 
KO) genotypes, with and without wounding treat- 
ment. We used bioinformatics methods, including 
principal component analysis (PCA) and K-means/ 
medians clustering, to analyse the function of PLD6 
in wounding-induced lipid metabolism. Our results 
showed that about 2096 of PA production upon 
wounding was attributable to PLD6 at the time of 
statistically significant difference in its level between 
WS and PLD6-KO. Moreover, an absence of PLD6 
slowed the PA response to wounding. The responses 
of desaturation and acyl chain length in membrane 


lipids to wounding were also discussed. 


1 Materials and methods 

1.1 Plant material, wound treatment and sampling 
Leaves from approximately five-week-old Arabi- 

dopsis plants of WS and PLD6-KO in a WS back- 


ground were used for the identification and kinetic a- 


430 E Wat BSR dà CE dK 


583735 








nalysis of lipid species. The loss of PLDÓ in the 
PLD6-KO mutant of Arabidopsis has been proved by 
the absence of its transcript, protein and activity 
(Zhang et al., 2003). The plants were cultivated in 
a walk-in chamber at 20-23 *C , with a light intensi- 
ty of 120 pmol m ^s! , a 12-h photoperiod and 60% 
relative humidity. In addition, they were fully wa- 
tered for five weeks until the beginning of the experi- 
ments. The method of wounding treatment was the 
same as that described by Ling et al. (2007). 
1.2 Lipid extraction, ESI-MS/MS and data pro- 
cessing 

Lipid extraction, sample analysis and data pro- 
cessing were performed as described previously with 
minor modifications (Li et al., 2008; Welti et al., 
2002). Briefly, the leaves were harvested at the 
sampling time and transferred immediately into 2 mL 
of isopropanol with 0.01% butylated hydroxytoluene 
at 75 ^C. The tissue was extracted with chloroform/ 
methanol (2:1) three additional times with 2 h of 
agitation each time. The remaining plant tissue was 
heated overnight at 105 °C and weighed. Lipid sam- 
ples were analysed using a triple quadrupole tandem 
mass spectrometry (MS/MS) equipped for electros- 
pray ionisation ( ESI). The lipids in each class were 
quantified by comparison with two internal standards 
for the class. Data processing was performed as pre- 
viously described ( Welti et al., 2002). Five repli- 
cates from each sampling time were analysed. A Q- 
test was performed on the total amount of lipid in 
each head-group class, and data from discordant 
samples were removed ( Welti et al., 2002). The 
data were subjected to one-way analysis of variance 
(ANOVA) using SPSS 16. 0. Statistical significance 
was tested by Fisher’ s least significant difference 
(LSD) method. The double-bond index (DBI) was 
calculated using the formula; DBI=( €[N x mo% 
lipid ] )/100, where N is the number of double bonds 
in each lipid molecule ( Rawyler et al., 1999). Acyl 
chain length (ACL) was calculated using a formula 
derived from the DBI calculation above; ACL=( È 
[ NC x mol% lipid] )/100, where NC is the number 


of carbon atoms in each lipid molecule. 

The lipid contents of molecular species were 
used for assessing the diff erences among the samples 
(treatments and genotypes) by PCA with SPSS 16. 0. 
More than 120 lipid contents of molecular species 
were transformed to a new set of variables, the prin- 
cipal components were ordered so that the first few 


retain most of the variation present in all of the origi- 


nal variables (Jolliffe, 2005). 


2 Results 
2.1 A. thaliana altered its lipid content and com- 
position in response to wounding 

The wounded leaves of WS and PLD6-KO were 
sampled 0 and 30 min, and 1, 3 and 6h after woun- 
ding. Lipids were profiled by a lipidomics approach 
based on ESI-MS/MS. We identified quantitatively 
more than 120 molecular species of glycerolipids , 
which included six head-group classes of phospholip- 
ids; phosphatidylcholine (PC) , phosphatidylethan- 
olamine (PE), phosphatidylinositol ( PI), phos- 
phatidylserine (PS), PA and phosphatidylglycerol 
(PG) ; as well as two head-group classes of galacto- 
lipids: monogalactosyldiacylglycerol ( MGDG ) and 
digalactosyldiacylglycerol (DGDG). Each molecular 
species was identified in terms of the total number of 
acyl carbon atoms and double bonds ( Welti et al. , 
2002). The total amount of lipid and the average 
level of molecular species in each head-group class 
are shown in Table 1 and Fig. 1. 

The lipid content changed significantly in the 
leaves of Arabidopsis of both genotypes upon woun- 
ding treatment. The levels of DGDG, MGDG, PC 
and PI decreased significantly during the period after 
wounding. The extraplastidic lipids, PG, PC, PE 
and PI, degraded much more in response to woun- 
ding in PLD6-KO than those in WS. It suggested 
that the absence of PLD8 might enhance the degra- 
dation of extraplastidic lipids in response to woun- 
ding. The lipid class that showed the largest change 
in absolute amount was PA , which increased sharply 


within 1 h after wounding treatment, and then gradu- 
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ally decreased in both genotypes. Its level was higher 
in WS than in PLD6-KO Arabidopsis leaves at 30 min, 
1 h and 3 h after wounding (Table 1). The level of 
PA rose sharply by nine- or thirteen-fold at 1 h in 
WS and at 3 h in PLD6-KO after wounding, respec- 
tively (Table 1). Profiling more than 120 molecular 
species of membrane lipids in the leaves of both WS 
and PLD8-KO genotypes, in terms of their absolute 
contents (Fig. 1) , revealed that the levels of molecu- 
lar species 34:6-MGDG and 36:6-DGDG, as well as 
all detected molecular species of PC, PG and PI, 
declined throughout the tested period after wounding. 
Meanwhile, levels of all PA molecular species in- 
creased in both genotypes. Given that 34:4-PG was 
the only molecular species detected with 34:4 acyls 
(Fig. 1), it was suggested that the increase in wound- 
induced 34:4-PA was derived from PLD-mediated 
conversion from PG. In fact, all of the molecular spe- 
cies of PA that increased might have been derived 
from PLD-mediated modification of PC, PE, PG, PI 
and PS (Wang, 2005). Therefore, PA molecular spe- 


Table 1 


cies appeared to reflect the rapid response of phospho- 
lipids to wounding damage in Arabidopsis leaves. 
2.2 Principal component analysis revealed dif- 
ferent responses of lipid molecular species to woun- 
ding 

Differences among the samples (treatments and 
genotypes) were assessed using PCA with SPSS 16.0 
The results of this analysis highlighted major statisti- 
cally significant diff erences among the different peri- 
ods after wounding. Analysis of the dataset allowed 
the extraction of nine principal components that ex- 
plained 10096 of the variance in the system ( Table 
2). The first three components, which are used for 
plotting the scores and loadings, explained 7596 of 
the total variance ( Table 2). Fig. 2 depicts two score 
plots. 

Principal component 1 represents the lipid spe- 
cies of PA which are the class exhibited the largest 
changes and the lipid species of PC which are most 
abundant constitute of extraplastidic membrane lipid 


classes ( Table 3) ; principal component 2 represents 


Amount of lipid in each head-group class in WS and PLD8-KO Arabidopsis leaves at different times after wounding. The percentage 


of maximum relative change in lipids after wounding ( Max RC) is the value for the maximum difference between the values of Control 


and different period after wounding, divided by the value of Control one. Values in the same row with different letters 


are significantly different ( P « 0. 05). Values are means + standard deviation (n=4 or 5) 


Lipid/dry weight (nmol/mg ) 








Lipid Max RC 
Genotype P" 
class 0 30 min lh 3h 6h /% 
nune WS 35.98 + 1. 24? 30.9 + 2. 92^ 30.42 + 2.21 27.52 + 0.73° 28. 06 + 2. 09° -23.5 
' — PLDà-KO 31.24 x 1. 14° 28.3 x 3.46 26.62 + 2.39" 26.8 x 4. 44^ 28.77 + 1.7 -14.8 
dens WS 159.37 + 3. 53? 133.41 x 15.3^ 121.61 + 28.39^ 121.42 + 11.75 118. 77 + 8. 71^ -23.8 
"7 — PLD8-KO 149. 49 + 10. 3? 125.47 + 13.24" — 115.61 + 11. 48^ 118.1 + 14.85^ 117.57 + 11. 41^ -22.7 
Pu WS 11.2 + 1. 44? 10.51 + 1. 47? 10. 61 + 0. 71° 9.98 + 2. 15° 9.16 + 1. 64? — 
7 PLD8-KO 11.5 + 0.298 9.49 + 1. 1^ 7.7 + 0.34 8. 64 + 0.98 7.54 + 1.87* -34.4 
B6 WS 13.94 + 1. 62° 12. 79 + 1.94*^ 12. 03 + 2. 05*^ 11. 12 + 3. 72^ 10. 43 + 0. 8^ -25.2 
PLD8-KO 14.5 + 1.72° 12. 19 + 1.3” 10. 26 + 0. 14^ 10. 57 x 0. 43^ 11.49 + 1.25^ -29.2 
BE WS 4.37 + 1.05? 5.11 + 1.52? 4.74 + 1.218 4.62 + 1.518 4.4 + 0. 64* = 
PLDò-KO 5.53 + 1. 26° 5.37 + 0. 97® 3.71 x 0. 44^ 4. 13 + 0.78% 4.57 + 2.45?» =32.9 
Pi WS 2.28 + 0.28*^ 2.47 x 0. 12" 2.56 x 0. 48^ 2.24 x 0. 06 2.17 + 0. 16^ -4.8 
PLD8-KO 2.35 £0.1^ 2.15 + 0.31* 1.72 + 0. 28^ 2.04 + 0.27" 2.34 + 0. 23° -26.8 
ps WS 0.27 + 0. 06° 0.33 x 0. 09° 0.29 + 0. 06° 0. 29 + 0. 09° 0.24 + 0. 03° — 
i PLD8-KO 0.29 + 0. 05*^ 0.33 + 0. 05° 0. 24 + 0. 05? 0. 23 + 0. 04^ 0.25 + 0. 16%” a 
bs WS 0.4 + 0. 06* 2.98 x 0. 36^ 4.17 + 1.32* 4.11 + 1.21? 2.68 + 0. 78^ 942. 5 
PLD6-KO 0.23 + 0.2! 2.31 + 0. 24° 2. 85 + 0. 06^ 3.31 + 0. 45° 2.94 + 0.35? 1339.1 
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Fig. 1 Changes in the molecular species of membrane lipids in WS (A) and PLD8-KO Arabidopsis (B) , 


in terms of absolute contents. Values are means + standard deviation (n=4 or 5) 
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Table 2 The nine principal components extracted by 


principal component analysis 


Extraction sums of squared loadings 








Component 
Total 96 of Variance Cumulative 96 
1 51. 837 42. 144 42. 144 
2 24. 702 20. 083 62. 227 
3 15. 789 12. 836 75. 064 
4 8. 884 7. 223 82. 286 
3 6. 721 5. 464 87. 750 
6 9. 155 4.191 91. 942 
7 4. 237 3. 445 95. 387 
8 3.517 2. 859 98. 246 
9 2. 158 1. 754 100. 000 


the main plastidic component lipids, MGDG and DG- 
DG (Fig. 2) ; principal component 3 basically repre- 
sents lipids PE and PS, which differentiate the two 
genotypes (Fig. 2). The highest and lowest loading 
values ( Table 3) are the lipid species that are most 
important in the assignment of each principal compo- 
nent. Examination of loadings ( Table 3) clearly re- 
veals that the separation of the points for the control 
treatment and for the timing of 30 min from those for 
1, 3 and 6 h along the principal component 1 results 
primarily from the levels of PA and PC. There were 
lower levels of PA species and higher levels of PC 
species in fresh and 30 min post-wounding leaves 
than those in leaves of both genotypes from other pe- 
riods post-wounding. This indicates that these are the 
most important lipid species for differentiation be- 
tween the distinct periods after wounding. Principal 
component 3 clearly describes differences between 
the two genotypes, WS and PLD6-KO ( Fig. 2B). 
Examination of loadings ( Table 3) reveals that the 
separation between WS and PLD8-KO along the 
principal component 3 axis results primarily from the 
higher levels of PS and PE species in PLD6-KO and 
the higher levels of 32:1- and 34:1-PG, and 34:2- 
DGDG in WS (Fig. 2), which indicates that these 
species are important in the statistical differentiation 
of WS from PLD8-KO. 

Plot of principal component 1 against principal 
component 2 showed the relationships and distances 


between the two genotypes at different times after 


wounding (Fig. 2A). The control of WS and PLD6- 
KO cluster together, and the points for 30 min post- 
wounding of the two genotypes also cluster together. 
However, the points for WS and PLDó-KO at 1 h 
and 3 h are scattered until at 6 h when they cluster 
together again (Fig. 2A). These patterns of separa- 
tion and clustering basically occur along the princi- 
pal component 1, which suggests that PA and PC 
mainly contribute these patterns of variation. Along 
principal component 3 ( Fig. 2B) , the differences 
between genotypes in same treatment were larger 
than between treatments in same genotype. This sug- 
gests that PE and PS do nothing with wounding, but 


contribute to the difference of two genotypes. 
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Fig. 2. Principal component analysis (PCA) of lipid molecular species 
in five time points post-wounding (treatments called here) among WS 
and PLD8-KO Arabidopsis. The first three components, which accoun- 
ted for 75% of the total data variance, were used for plotting the scores. 
Each point, a treatment and genotype combination is the mean of the 
corresponding replicates’ principal component scores. ( A) The score 
plot of principal component 1 (42% of the variance) vs. principal com- 
ponent 2 (2096). (B) The score plot of principal component 1 (42% 
of the variance) vs. principal component 3 (1396). WS, Wassilewski- 
ja; 9, PLD8-KO; 0, control; 30' , 30 minutes post-wounding; 1h, 1h 


post-wounding; 3 h, 3 h post-wounding; 6 h, 6 h post-wounding 


434 E Wat BS REFR 


7837 48 








Table 3 Loadings of the first three principal components. The twelve highest and twelve lowest loading values are indicated 


Principal component 1 


Lipid species Lipid species 


Principal component 2 


N A Principal component 3 
Lipid species 





loadings loadings loadings 
Twelve lowest loading values 
34:6 PA —0. 688 34:5 MGDG —0. 632 38:5 PS -0. 755 
34:0 PG —0. 687 38:5 MGDG —0. 615 36:6 PE —0. 597 
34:4 PA -0. 673 36:5 DGDG —0. 595 34:1 PS -0. 556 
36:1 DGDG —0. 634 38:4 PS —0. 594 36:4 PS =0. 52 
36:2 PA -0. 631 34:6 DGDG —0. 559 36:5 PS —0. 489 
34:3 PA -0. 595 36:5 MGDG -0. 533 36:1 PE -0. 476 
36:3 PA —0. 563 40:3 PC -0. 532 42:2 PE —0. 457 
36:5 PA -0. 552 36:6 DGDG -0. 476 36:2 PE -0. 412 
34:2 PA -0. 535 34:4 DGDG -0. 422 42:4 PE -0. 41 
36:6 PA -0. 532 34:4 MGDG —0. 408 36:5 PE —0. 406 
38:6 DGDG -0. 532 34:6 MGDG -0.4 34:1 PE —0. 395 
38:6 MGDG —0. 524 44:2 PS —0. 397 38:2 PE -0. 39 
Twelve highest loading values 

36:5 PC 0. 894 36:2 DGDG 0. 69 34:6 PA 0. 547 
38:2 PC 0. 895 36:4 PA 0. 703 34:3 MGDG 0. 565 
34:5 DGDG 0. 902 36:1 MGDG 0. 719 34:1 MGDG 0. 603 
36:4 DGDG 0. 904 36:5 PA 0. 722 34:4 PI 0. 609 
34:4 PC 0. 909 36:6 PA 0. 726 32:0 PG 0. 613 
36:3 PC 0.914 42:3 PE 0. 739 38:2 PS 0. 631 
36:6 MGDG 0. 916 38:6 MGDG 0. 747 34:3 PI 0. 633 
34:3 DGDG 0. 931 40:3 PS 0. 747 40:2 PS 0. 64 
36:4 PC 0. 933 38:3 MGDG 0. 76 36:6 PI 0. 651 
36:2 PC 0. 943 36:2 MGDG 0. 766 34:1 PG 0. 726 
34:3 PC 0. 943 38:4 MGDG 0.771 32:1 PG 0. 762 
34:2 PC 0. 947 38:6 PE 0. 848 34:2 MGDG 0. 799 


2.3 PA transiently increases and reacts differ- 
ently to wounding in the WS and PLDó6-KO Ara- 
bidopsis 

The PCA result suggested that PA was one of the 
main principal component factors involved in the re- 
sponse to wounding in WS and PLD6-KO Arabidopsis. 
Therefore , we further used expression pattern analysis 
with Mev 4. 9. 0 to analyse in details the variation of 
PA species after wounding in the two genotypes. 

The results show that the PA level transiently 
increased upon wounding in the both genotypes 
(Fig. 3A-K). the levels of PA and several of its 
main species in control leaves in PLD6-KO were 
similar to those of WS (Fig. 3A-I). This suggests 
that an absence of PLD6 does not influence the level 
of PA in control leaves in Arabidopsis. At 30 min af- 
ter wounding, the content of PA and several of its 


main species increased sharply; particularly large 


increases were found for 36:4- and 36:5-PA, which 
increased 30- and 17-fold in PLD6-KO , and 27- and 
17-fold in WS, respectively (Fig. 1A, B); subse- 
quently, most of them continued to increase to the 
highest level at 1 h after wounding, and then de- 
creased until 6 h after wounding ( Fig. 3A-I). How- 
ever, there were still several differences of PA varia- 
tion in response to wounding between the two geno- 
types. Firstly, the levels of PA and nearly all of its 
species in PLD6-KO were lower than those in WS 
(Fig. 3A-D, F-I) from 30 min to 3 h after woun- 
ding. In WS, the PA level increased to the highest 
level of 4. 17 nmol + mg! , but that in PLD6-KO was 
3. 31 nmol * mg! , this suggests that suppression of 
PLD6 caused a 20% decrease of the PA level in Ara- 
bidopsis. Secondly, the peak PA levels during the 
post-wounding period differed: namely, the peak 
occurred at 1 h in WS, but at 3 h in PLD6-KO 
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(Fig. 3J, K). This suggested that a lack of PLDS 
slows the early response of PA. Finally, the differ- 
ence of PA levels between the two genotypes to 
wounding decreased over time. This suggested that 
PLD6 had a rapid response to wounding. 

2.4 The responses of unsaturation and acyl 
chain length to wounding in WS and PLDó-KO 
Arabidopsis 


The level of unsaturation level ( Quartacci et 





al., 2002) and acyl chain length ( Denich et al., 
2003) of phospholipids and glycolipids in mem- 
branes could affect membrane fluidity . The DBI was 
calculated by the double bond of lipids and ACLs 
was calculated by the total number of acyl carbon at- 
oms of lipids. We analysed the DBI and ACL of lipid 
classes in response to wounding in Arabidopsis (WS 
and PLD8-KO). After wounding, the DBI of plastidic 
membrane lipids PG decreased significantly in both 
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Fig.3 Changes of the levels of PA and its molecular species after wounding in WS and PLD6-KO Arabidopsis leaves. A-I. Detected levels of 
PA and its species (A, PA; B, 34:2-PA; C, 34:3-PA; D, 34:4-PA; E, 36:2-PA; F, 36:3-PA; G, 36:4-PA; H, 36:5-PA; 


I, 36:6-PA). J-K. The curve upon combining eight PA species in WS (J) and PLD8-KO (K). “ ** " indicates that the value is 


significantly different from that for WS under the same condition ( P « 0. 05). Values are means + standard deviation (n=4 or 5) 
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genotypes, whereas those of extra-plastidic mem- 
brane lipids—PE, PI, PS and PA— almost in- 
creased (Table 4). The maximum changing of DBI 
after wounding was that of PG, which decreased 
0.08, and 0.11 in WS and PLD8-KO separately. 
The ACL of most lipid classes remained unchanged 
after wounding. However, that of the plastidic lipid 
(including MGDG, DGDG, and PG) changed sig- 
nificantly after wounding (Table 5). Basically, DBI 
of lipid classes respond to wounding, but only ACL 
of plastidic lipids respond to wounding in Arabidopsis 
(both WS and PLD6-KO). 


3 Discussion 

After the profiling and analysis of lipids for a 
relatively long period of 6 h after wounding in WS 
and PLD8-KO Arabidopsis, we found that levels of 
the majority of lipids were reduced rapidly in both 
WS and PLD6-KO leaves after wounding. However, 
only level of PA increased significantly in response 


to wounding. PLDò also influenced the degradation 


of some lipids, such as lipids PE, PI and PG, 
which decreased their amounts sharply in PLD6-KO 
leaves, but were unchanged at the same time points 
in WS after wounding for later than 1 h. PLD6 partly 
regulates PA levels induced by wounding. During the 
whole period after wounding, the most dramatic 
changes of lipids occurred 30 min after wounding. 
Thirty minutes is a limit time, but appears to be suf- 
ficient for lipids in Arabidopsis to respond to wound 
damage, especially in the case of the lipid PA. This 
rapid response suggests that PA might act as a sig- 
nalling molecule in response to wounding. The rapid 
lipid hydrolysis was the same as that reported previ- 
ously in wounded tissues of various plants ( Lee et 
al., 1997; Ling et al., 2007; Lojkowska, 1988; 
Zien et al., 2001). However, the trend of variation 
of different lipid classes at the same time points dif- 
fered; for example, in our work on Arabidopsis , lip- 
id PE did not change among the time points after 
wounding in WS, but it decreased significantly re- 


ported in Zien et al. (2001). 


Table 4 DBI values of membrane lipids in WS and PLD8-KO Arabidopsis leaves at different times after wounding. The values 


of maximum relative change ( Max RC) is the maximum values for the difference between the DBI values after wounding 


and control. Values in the same row with different letters are significantly different different ( P < 0. 05). 


Values are means + standard deviation (n=4 or 5) 








Lipid Double Bond Index ( DBI) Max RC 
Genotype 
class 0 30 min lh 3h 6h /% 
Bem WS 5.43 + 0. 07° 5.35 + 0.04? 5.39 + 0.05? 5.38 + 0. 04° 5.39 + 0. 04° -0. 08 
? PLD8-KO 5.37 + 0. 02° 5.37 + 0. 08° 5.4+ 0.018 5.4 + 0.048 5.34 + 0. 04° = 
Mp WS 5.94 + 0. 02° 5.95 + 0.01* .95 x 0.014 5.94 x 0. 01? 5.95 + 0° = 
d PLD8-KO 5.95 + 0. 01^ 5.96 + 0. 01° .96 + 0.01* 5.95 + 0.01*^ 5.94 x 0. 01^ 0. 01 
pé WS 3.43 + 0. 06* 3.37 + 0.018 .36 + 0. 05° 3.35 + 0. 06^ 3.35 + 0. 07^ -0. 08 
' PLD8-KO 3.45 + 0. 04" 3.38 + 0. 06" .34 + 0. 02^ 3.35 + 0.07" 3.41 20.04^ -0.11 
pe ws 2.99 + 0. 04* 2.97 x 0.02* + 0.06" 3.02 + 0. 04° 3.03 + 0. 02? — 
PLD6-KO 3.03 + 0. 06° 3.03 + 0. 02° .02 + 0.02* 3.06 + 0. 08° 3.02 + 0. 07° = 
e ws 3.46 + 0. 01^ 3.48 x 0. 03^ .48 + 0. 02° 3.5+0.01° 3. 48 + 0. 03 0. 04 
PLD8-KO 3.52 + 0. 07° 3.51 + 0.05" 3.53 + 0.03" 3.53 + 0.03? 3.55 + 0. 05° — 
PI WS 2.78 + 0. 02^ 2.74 + 0. 03^ .76 + 0. 03^ 2.83 + 0. 02^ 2.82 x 0. 04^ 0. 05 
PLD8-KO 2. T] x 0. 03^ 2. 76 + 0. 04^ . 76 + 0. 02^ 2. 84 + 0. 05° 2.81 + 0.07" 0. 07 
is WS 2.67 + 0. 02^ 2.68 + 0. 05” .68 + 0. 05^ 2. 66 + 0. 02^ 2.73 + 0. 02^ 0. 06 
PLD8-KO 2.71 + 0. 05^ 2.76 + 0. 03° 2.7 + 0.02" 2.71 + 0. 04^ 2.72 + 0. 02^ 0. 05 
På WS 3.56 + 0.38* 3. 64 + 0. 05° 3.63 + 0. 15? 3.67 + 0. 05° 3.63 + 0. 06? = 
PLD8-KO 3. 64 + 0. 08^ 3.75 + 0. 06* 3.65 + 0.05% 3. 66 + 0. 08"? 3.58 + 0. 12^ 0. 11 
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Table 5 ACL values of membrane lipids in WS and PLD6-KO Arabidopsis leaves at different times after wounding. The values 
of maximum relative change ( Max RC) is the maximum values for the difference between the ACL values after wounding 
and control. Values in the same row with different letters are significantly different ( P « 0. 05). 
Values are means + standard deviation (n=4 or 5) 
Lipid Acyl chain length Max RC 
Genotype j 
class 0 30 min lh 3h 6h diis 
DGDG WS 35.5] + 0.04* 35.48 + 0. 03^ 35.5] + 0. 04° 35. 49 + 0. 02° 35. 49 + 0. 03° -0. 03 
7 PLD8-KO 35. 46 + 0. 02° 35. 46 + 0. 02° 35.5 + 0.04* 35. 48 + 0. 04° 35. 46 + 0. 03° = 
MGDG WS 34. 37 + 0. 01^ 34.4 + 0. 02° 34.4 + 0.02* 34. 39 + 0. 03^ 34. 39 + 0. 02^ 0. 03 
7 PLD8-KO 34.37 + 0. 03" 34.4 + 0. 02° 34.4 + 0. 03° 34. 37 + 0. 03° 34. 39 + 0. 05° 
p WS 33.89 + 0.01* — 33.872 0.010 — 33.86 + 0.02^ — 33.86 € 0.01^ — 33.85 + 0. 01^ -0.04 
PLD8-KO 33.92 + 0* 33.87 + 0.01” — 33.87 + 0^ 33.86 + 0.02^ — 33.89 + 0.04 — -0.06 
PC WS 35.29 + 0.05* 35. 29 + 0. 03* 35.29 + 0. 04° 35.3 + 0. 04° 35.3 + 0. 02° — 
PLD8-KO 35.33 + 0.03" — 35.28 + 0.00 35.31 + 0. 03^ 35.3 + 0.06% — 35.29 + 0. 04° 0. 05 
PE Ws 35.25 + 0.05* 35.29 + 0. 02* 35.29 x 0.0* 35.25 + 0. 04° 35. 26 + 0. 04° = 
PLD8-KO 35. 29 + 0.02* 35. 33 + 0. 06° 35.3 + 0. 04° 35. 28 + 0. 05° 35.33 + 0. 07° — 
PI WS 34.25 + 0. 06° 34. 28 02* 34. 24 + 0. 04° 34. 29 + 0.04* 34. 28 + 0.05* — 
PLD8-KO 34.3 + 0. 03° 34. 24 + 0. 08" 34.27 + 0. 03" 34. 28 + 0. 03° 34.28 + 0.02* = 
PS WS 38.29 + 0.3* 38.08 + 0. 2° 38.38 € 0.21* 38. 34 + 0.25* 38.3 .44* 2 
~ PLD8-KO 38. 32 + 0. 16° 38. 13 + 0.35" 38. 39 + 0. 47° 38.4 + 0. 35° 37.7 1..1* = 
PA WS 34.76 + 0. 12° 34.93 + 0. 04° 34. 89 + 0. 06° 34. 82 + 0. 04° 34.83 + 0. 07° — 
PLD6-KO 34.76 + 0.23* 34.94 + 0. 11* 34.91 + 0. 08" 34. 85 + 0. 03° 34. 82 + 0. 07° = 


Among all the tested lipid classes, PA exhibi- 
ted the greatest increase in response to wounding. 
Specifically , its level varied after wounding, and the 
patterns of variation were basically similar between 
the two genotypes: a trend of a rise followed by a 
fall. PLDal was another main member of the PLD 
family that responded to wounding ( Wang et al., 
2000). The level of PA still increased rapidly in 
PLD6-KO, which suggested that the lack of PLDó 
did not influence the reaction of PLDal to woun- 
ding. The function of PLD8 mainly exhibited during 
the period of 30 min to 3 h after wounding (Fig. 3A, 
Table 1). It decreased the level of PA by about 2096 
at 30 min after wounding in Arabidopsis ( Fig. 3A, 
Table 1) , which suggests that about 2096 of PA pro- 
duction at this time point in response to wounding is 
attributable to PLD8. Meanwhile, Wang et al. (2000) 
mentioned about 6096 of wound-induced PA was at- 
tributable to PLDal, another member of the PLD 
family, in Arabidopsis; in that case, PA responded 


to wounding five minutes after wounding treatment. 


In summary, PLDÓ has a role in wounding-induced 
PA formation in Arabidopsis, but it reacts later and 


with less intensity than PLDal. 
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